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 Universal Reference Frame: 

- Role of vestibular system: evidence from motor control 
and allocentric (earth-vertical) visual orientation 
perception

 How and Where is Gravity Computed?

- Represented by head direction cells in spatial 
navigation circuits (anterior thalamus)

- Sensory Ambiguity; Solution: Internal model & 
Statistical Inference based on laws of physics and natural 
statistics

- Cerebellum

Gravity



- vestibular?
- somatosensory?
- visual ‘polarity’?

Which sensory cues sense Gravity?

bilateral 
labyrinthectomy



Allocentric Visual Orientation 
Perception

Angelaki & Laurens (in review)



Allocentric Visual Orientation 
Perception

Angelaki & Laurens (in review)



Allocentric Visual Orientation Perception



Allocentric
Visual 

Orientation 
Perception

- Behavior of 3 
labyrinth-intact 
macaques

- Left: 
Psychometric 
curves; color: 
different pitch tilts

- Right:
Percent 
compensation 
(ideal slope = 1)

PSE: mean of 
psychometric curve



Allocentric Visual 
Orientation Perception

- Behavior of ONE macaque after 
bilateral labyrinthectomy

- 1st, 3rd and 10th week after surgery



Allocentric Visual Orientation Perception

- Acute 
Compensation: ~ 
20%: proprioceptive 
contribution in intact 
animals

- Complete recovery 
with time constant 
of ~ 3 weeks



Allocentric Visual Orientation Perception

Angelaki & Laurens (in review)



Perception:
- The brain takes advantage of the gravity 
force for perceiving the orientation of objects 
in the world
- Vestibular cues contribute ~80% to this 
planning: predicting the gravitational force

- Other multisensory (somatosensory) cues 
substitute after vestibular loss

What about action?
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What is the role of vestibular cues for 
the optimal planning of arm movement?

- Two monkeys
- Movement amplitude 20°
- Movement duration 0.4 s  
- Eyes open 
- Several days before and after surgery

Gaveau, Papaxanthis, Angelaki, in preparation



Similar Kinematic patterns between Monkeys 
and Humans

*
*

*

*

(s)
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Action…

The brain takes advantage of the gravity force for 
the optimal planning of arm movements (minimize 
movement effort)

Vestibular cues contribute to this planning: 
predicting the gravitational force on the arm

Other cues (proprioception, vision…) can also 
contribute

Gaveau et al., eLife (2016)

Gaveau, Papaxanthis, Angelaki, in preparation

Vision, not somatosensation, seems to be used for 
gravity after bilateral vestibular loss



 Universal Reference Frame: 

 Gravity cues are important for:

- allocentric visual orientation 

Angelaki & Laurens (in review)

- planning of vertical movements 

Gaveau, Papaxanthis, Angelaki (in preparation)

 Importance of vestibular cues, but remarkable recovery 
after vestibular lesion

Using Gravity: Conclusions



 Universal Reference Frame: 

- Role of vestibular system: evidence from motor control 
and allocentric (earth-vertical) visual orientation 
perception

 How and Where is Gravity Computed?

- Represented by head direction cells in spatial 
navigation circuits (anterior thalamus)

- Sensory Ambiguity; Solution: Internal model & 
Statistical Inference based on laws of physics and natural 
statistics

- Cerebellum

Gravity



Spatially-tuned Cells:

• Head direction 
cells: anterior dorsal 
thalamus, subiculum, 
etc.

• Location - Place 
cells: Hippocampus

• Location map –
grid cells: Entorhinal 
cortex

The navigation neural circuit

2014 Nobel Prize in Physiology and Medicine



Rodent Head Direction Cell Properties

Each cell fires at a preferred 
direction, regardless of whether 
animal is moving or still, in light 
or darkness – attractor dynamics

Jeff Taube, Ann Rev 
Neuroscience (2007)



Is the compass 3D?
 In rodents, Head Direction (HD) cells function 
like an azimuth-compass, referenced to 
allocentric visual cues

 In bats, HD cells are tuned in 3D

Are the vertical degrees of freedom 
defined by Gravity ?



Gravity-tuned cells in 
macaque anterior 

thalamus
Laurens, Kim, Dickman, Angelaki 

Nature Neuroscience (2016)



1. Identifying azimuth-
tuned HD cells in mice…

Fast forward 120x

2.  Then preprogramed 
rotations allow testing 
3D orientation… 

3. Freely-moving 
in tiltable arena 



HD responses are largely attenuated during passive 
rotation of restrained animals
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Shinder and Taube  2011, 2014a,b
Laurens and Angelaki 2018



Tilt tuning

Correlation between 
tuning curves

DIFFERENT ENVIRONEMENTS



Tuning in GRAVITY
reference frame

Tuning in VISUAL
reference frame

Tilted setup

Upright setup

Neuronal tuning is anchored to gravity



Neuronal tuning is anchored to gravity



2D tilt
1D Azimuth 

(on tilted surface)

Gravity Visual
landmarks

3D tuning curves

• The HD compass is 3D 
– both azimuth and tilt 
tuning

• Tilt signals are 
anchored to Gravity

Summary: Tilt tuning

?
• Azimuth tuning also 

depends on gravity
Page et al, J Neurophys (2017) 

Laurens & Angelaki, Neuron (2018)

Angelaki et al. (in revision)



- During horizontal plane locomotion: 
earth-horizontal plane = head-horizontal 
plane
- Is the compass fixed in the head or relative 
to the world/earth?

The Brain Azimuth Compass

Traditional setup:



Earth-Horizontal compass

Problems:
- Distorts angles when 
walking on a sloped 
surface
- Undefined at 90° of tilt



Head-horizontal 
(‘yaw-only’) model

But it fails during 
3D movements!

- Azimuth compass is 
anchored to the locomotion 
surface
- Updated only by yaw 
(head-horizontal) rotations

Shinder & Taube 
(2018): ‘hard-wired to 
horizontal canals’



Head-horizontal (‘yaw-only’) model

Shinder & Taube 
(2018): ‘hard-wired to 
horizontal canals’

Internal 
compass

But it fails during 
3D movements!



Internal compass
Missing 90° rotation

Tilted-azimuth (TA, ‘dual updating rule’) model

Page et al J Neurophysiol (2017)
Laurens & Angelaki Neuron (2018)

Solution:
- Dual axis updating rule 
ensures correct azimuth 
updating during 3D 
movement

A head-horizontal 
compass that 
maintains allocentric
invariance

G



• Azimuth is neither head-
horizontal nor earth-
horizontal. Instead, it is 
defined in a tilted frame.

• Attractor updated during 
both head-horizontal 
and gravity (earth)-
horizontal rotations.

• Using rotation cues to
track azimuth requires
knowledge of gravity – a
universal reference for
terrestrial life.

Summary: Azimuth 
coding in 3D

1D Azimuth 
(on tilted surface)

Gravity Visual
landmarks

3D tuning curves

2D tilt



 Universal Reference Frame: 

- Role of vestibular system: evidence from motor control 
and allocentric (earth-vertical) visual orientation 
perception

 How and Where is Gravity Computed?

- Represented by head direction cells in spatial 
navigation circuits (anterior thalamus)

- Sensory Ambiguity; Solution: Internal model & 
Statistical Inference based on laws of physics and natural 
statistics

- Cerebellum

Gravity



A Universal Allocentric Reference Frame

How is Gravity Computed?

Gravity

- No sensor for Gravity !

- Sensory Ambiguity



Courtesy of M. Gresty and US Navy

Physical ambiguity: 
Inertial motion vs. gravity

An 
example 
of when 
the brain 

fails…



Einstein’s 
‘Equivalence’ 

Principle

A Universal Allocentric Reference Frame

How is Gravity Computed?

Gravity

- No sensor for Gravity !

- Sensory Ambiguity



Primary Otolith Afferent

Tilt
IA Accel:  0.2 G

12

100 sp/s

20cm

2 s

°

Translation
IA Accel:  0.2 G

H
tran

Hroll

IFR

Angelaki et al., Nature 2004

Einstein’s 
‘Equivalence’ 

Principle

Solution:

- Calculus

- Internal Model

- Bayesian Inference



Canal and visual motion signals can 
keep track of the rate of change of 
gravity relative to the head ...

1.

Thus, a neural estimate of gravity 
can be computed by integrating 
gravity-referenced rotation signals

Otolith afferents signal net 
acceleration (F)...

2.

Thus, translational acceleration 
(A) can be computed as:

A= G-F

G

A

F

How does the brain solve this ambiguity?

dG/dt = GxΩ
Gravity 

estimator

Calculus/Physics



Problem solved?

 Noisy signals

Noise would accumulate in the integrator…

 Inaccurate rotation signal
Rotation estimate must be improved ….

 Ideally YES !!

 But there are 2 problems !!



1 s

20°/s

Example: get up from bed

90° rotation in 1s
i.e. 90°/s rotation

Example: getting out of bed:
DA12



Slide 44

DA12 all words should be in ppt, such that I can change font and style...
Dora, 6/21/2011



Example: get up from bed
1 s

20°/ssignificant post-
rotatory (inappropriate) 
canal activation

Canal activation



1 s

20°/sis improved compared 
to canal sensors, but 
yet there remains a 
post-rotatory effect

Central estimate of angular velocity



1 s

20°/s

Example: get up from bed

let‘s zoom in ...

Central estimate of angular velocity



5 s2°/s

Central estimate of angular velocity

> 2°/s of post-rotatory signal for more than 20 s. 
This is a lot!

Left uncorrected, this would create an illusion of 
backward rotation



5 s2°/s

Illusionary backward tilt

This backward rotation 
would be integrated by the 
gravity estimator ...



5 s2°/s

10°

... to elicit an 
illusion of a 
huge tilt

Illusionary backward tilt
DA13



Slide 50

DA13 again here, I cannot edit the individual pieces
Dora, 6/21/2011



5 s2°/s

10°

1 m/s2

Illusionary backward tilt & forward translation

... and of 
translation !!

DA14

DA15



Slide 51

DA14 From here on you need to be adding the illution of translation in red. Show both tilt & translation in each slide.
Dora, 6/21/2011

DA15 need to add in red the estimate of translation in this and next few figures...

also, I need to be able to modify things...
Dora, 6/21/2011



experienced every time you get out of bed!

... and this is just a single example. Similar 
problems would arise every time you move your 
head !



G

A

F

default: A ≈ 0, then G ≈ F

Cost: somatogravic illusion
i.e., tilt illusion during sustained linear acceleration

Laurens & Angelaki, EBR (2011)

In the Bayesian framework, 
this feedback reflects a zero 
acceleration prior 



Computing Gravity: Conclusions II
 Resolution of the linear acceleration sensory ambiguity is 
fundamental for avoiding disorientation

 To do so, the brain uses rules of physics & geometry

 Problems with ideal solution  - because of sensory noise and 
deficiencies in canal dynamics

 The brain uses internal models and 
statistical inference based on prior 
experience (long duration inertial 
accelerations are uncommon)

G

A

F
 This solution works well for everyday life, but 
fails during highly unnatural movements – this is 
when illusions occur



 Experiments: Role in Perception and Action

- Vestibular system is very important

 Theory: How is Gravity Computed?

- Sensory Ambiguity

 Experiments: Where is Gravity Computed?

- Vestibulo-cerebellum

Gravity



Tilt position Linear acceleration

±1.5s

Tilt Purkinje cells
Response to

Tilt
Response to
Translation

Translation Purkinje cells
Response to

Tilt
Response to
Translation

Purkinje cells in Cerebellar Vermis

Yakusheva et al., Neuron (2007)
Laurens, Meng, Angelaki, Nat Neurosci (2013)
Laurens, Meng, Angelaki, Neuron (2013)

Laurens & Angelaki, PNAS (2020)



 Universal Reference Frame: 

(1) Gravity cues important for:
- allocentric visual orientation perception

Angelaki & Laurens (in review)

- planning of vertical voluntary movements 
Gaveau, Papaxanthis, Angelaki (unpublished)

(2) Neural Correlates:
- Vestibulo-cerebellum: velocity signals                                            

Laurens & Angelaki, PNAS (2020)

- Anterior thalamus: position (orientation) signals – an 
important component of the spatial navigation circuit ?     

Angelaki et al., Nature Comm (in press)

Conclusions: Gravity
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